Spin-independent cross-section for neutralino dark matter scattering off nuclei is investigated in the NMSSM. Several classes of blind spots for direct detection of singlino-Higgsino dark matter are analytically identified, including such that have no analog in the MSSM. It is shown that mixing of the Higgs doublets with the scalar singlet has a big impact on the position of blind spots in the parameter space. In particular, this mixing allows for more freedom in the sign assignment for the parameters entering the neutralino mass matrix, required for a blind spot to occur, as compared to the MSSM or the NMSSM with decoupled singlet. Moreover, blind spots may occur for any composition of a singlino-Higgsino LSP. Particular attention is paid to cases with the singlet-dominated scalar lighter than the 125 GeV Higgs for which a vanishing tree-level spin-independent scattering cross-section may result from destructive interference between the Higgs and the singlet-dominated scalar exchange. Correlations of the spin-independent scattering cross-section with the Higgs observables are also discussed.
Introduction
After the recent discovery of the Higgs boson [1, 2] , probably the most wanted new particle is the one responsible for the observed dark matter (DM) in the Universe. Among extensions of the Standard Model (SM) that provide a candidate for a dark matter particle, supersymmetric models are most attractive. One of the main reasons that kept particle physics community interested in supersymmetric models for more than three decades is their ability to solve the hierarchy problem of the SM. Moreover, in the simplest supersymmetric extensions of the SM the lightest supersymmetric particle (LSP) is stable and generically neutral making it a good dark matter candidate. In most of the supersymmetry breaking schemes the LSP is a neutralino.
One of the most promising ways to search for neutralino dark matter is through its direct interactions with nuclei. In the last couple of years sensitivity of direct dark matter detection experiments improved by several orders of magnitude. The best constraints for the spin-independent (SI) neutralino-nucleon scattering cross-section (for the DM masses above 6 GeV) are provided now by the LUX experiment [3] . In consequence, significant portions of the neutralino sector parameter space has been excluded by LUX. The constraints will become soon even stronger with the forthcoming experiments such as XEXON1T [4] and LZ [5] . Nevertheless, there are points in the parameter space, so-called blind spots, for which the neutralino LSP spin-independent scattering cross-section (almost) vanishes at the tree level. In the vicinity of such blind spots the neutralino LSP is not only consistent with the LUX constraints but, due to the irreducible neutrino background [6] , might be never detected in direct detection experiments sensitive only to the SI scattering cross-section. When comparing with the results of DM detection experiments we assume that the considered particle is the main component of DM with the relic density obtained by the Planck satellite [7] (otherwise the experimental bounds on the cross-sections should be re-scaled by the ratio Ω observed /Ω LSP ).
Conditions for the existence of blind spots have been already identified in the Minimal Supersymmetric Standard Model (MSSM). In Ref. [8] the conditions for MSSM parameters leading to a vanishing Higgs-neutralino-neutralino coupling were found in the limit of decoupled heavy Higgs doublet. Additional blind spots in the MSSM originating from destructive interference between contributions to the scattering amplitude mediated by the 125 GeV Higgs and the heavy Higgs doublet were found in Ref. [9] . However, the measured Higgs scalar mass strongly motivates extensions of the MSSM because the 125 GeV Higgs implies in the MSSM relatively heavy stops threatening naturalness of supersymmetry. Substantially lighter stops than in the MSSM can be consistent with the 125 GeV Higgs in the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [10] which is the MSSM supplemented by a gauge singlet chiral superfield. The neutralino sector of the NMSSM is richer than that of the MSSM because it contains, in addition, the fermionic component of the singlet superfield -the singlino. In some part of the parameter space the LSP has a non-negligible singlino component and can be a good dark matter candidate [11, 12, 13] but with different properties than those of the LSP in the MSSM. There have been many studies of neutralino dark matter in the NMSSM including predictions for its direct detection, see e.g. refs. [14, 15, 16, 17, 18, 19] and references therein. 1 However, conditions for blind spots in the NMSSM have not been discussed in the literature so far.
The main aim of this paper is to investigate conditions for SI scattering cross-section blind spots for a singlino-Higgsino LSP in the NMSSM. We find a general formula for the blind spot condition and study it in the most interesting and phenomenologically relevant limiting cases, focusing both on small and large tan β regions. First of all, we identify blind spots analogous to those for a gaugino-Higgsino LSP in the MSSM originating from a vanishing Higgs-neutralinoneutralino coupling [8] . Such blind spots were also found in a general singlet-doublet DM model which mimics NMSSM with a Higgsino-singlino DM with a decoupled scalar singlet and heavy MSSM-like doublet [21] (see also Ref. [22] for a recent analysis). However, in our analysis we include also the effects of mixing among scalars. We find that inclusion of the mixing with the singlet introduces qualitatively new features to the conditions for blind spots, e.g. allowing certain signs of some parameters that would be forbidden if such mixing is neglected. Secondly, we find blind spots analogous to those in the MSSM with the effect of the heavy doublet taken into account [9] and generalize them to the case with the Higgs-singlet mixing included.
Finally, we investigate in great detail the region of the NMSSM parameter space with the singlet-dominated scalar lighter than 125 GeV, which is entirely new with respect to the MSSM. This region is particularly interesting because the Higgs-singlet mixing can increase the Higgs boson mass by up to about 6 GeV [23] . While this enhancement of the Higgs mass by mixing effects can be present both for small and large tan β, it is worth emphasizing that for large (or moderate) values of tan β this is a unique way to have lighter stops than in the MSSM. Moreover, for large tan β the singlet-dominated scalar coupling to bottom quarks can be strongly suppressed relaxing the LEP constraints on scalars and allowing a substantial correction to the Higgs mass from mixing for a wide range of singlet masses between about 60 and 110 GeV [23] (for small tan β a sizable correction from mixing is allowed only for the singlet mass in the vicinity of the LEP excess at 98 GeV [24] ).
In the case of a light singlet-dominated scalar with sizable mixing with the Higgs scalar, the SI scattering cross-section is generically large, even for not too large values of λ. The main reason for this is that such a singlet-dominated scalar also mediates the SI scattering cross-section and the corresponding amplitude may even dominate over the one with the SMlike Higgs boson exchange due to the enhancement by a small mass of the singlet-dominated scalar. This phenomenon was identified long before the Higgs scalar discovery [14] . Recently, points in the parameter space of the NMSSM with strongly suppressed SI direct detection crosssection, consistent with LUX constraints and in some cases even below the irreducible neutrino background for direct detection experiments, were found using sophisticated numerical scans of semi-constrained NMSSM [25] . However, in Ref. [25] no explanation was given why such points exist and what are the conditions for the NMSSM parameters required for this suppression to occur. In the present paper we provide analytic understanding for the existence of blind spots in the NMSSM with light singlet-dominated scalar and a Higgsino-singlino LSP. Such blind spots follow from a destructive interference between the singlet and Higgs exchange in the scattering amplitude. We also discuss the influence of a strongly suppressed coupling of the singlet-dominated scalar to b quarks which is important at large tan β. In particular, we find that the presence of a light singlet-dominated scalar gives much more freedom in the LSP composition and, especially for a singlino-dominated LSP, in sign assignments of various NMSSM parameters required for obtaining a blind spot.
The rest of the paper is organized as follows. In section 2 we review some features of the Higgs and neutralino sector of the NMSSM that are important for the analysis of blind spots. In section 3 SI scattering cross-section in the NMSSM is reviewed and general formulae for neutralino blind spots are derived. In the remaining sections blind spot conditions are analyzed in detail in several physically interesting cases and approximations. In section 4 only SM-like Higgs scalar exchange is taken into account. In section 5 the interference effects between two doublet-dominated scalars are analyzed, while section 6 is focused on the case with a light singlet-dominated scalar in which interference effects between such light scalar and the SM-like Higgs scalar become important. Our main findings are summarized in section 7.
Higgs and neutralino sector of the NMSSM
Several versions of NMSSM has been proposed so far [10] . We would like to keep our discussion as general as possible so we assume that the NMSSM specific part of the superpotential and the soft terms have the following general forms: diagonalization matrix elements:
where j = 1, 2, 3 and |m χ 1 | ≤ |m χ 2 | ≤ |m χ 3 |. Later we will be interested mainly in the LSP corresponding to j = 1, so to simplify the notation we will use m χ ≡ m χ 1 . Notice that the physical (positive) LSP mass equals to m LSP ≡ |m χ |. The sign of m χ is the same as that of the diagonal singlino entry ∂ 2 S f in the neutralino mass matrix (11) . For | ∂ 2 S f | < |µ| this is obvious. For bigger values of | ∂ 2 S f | it is also true. In this case the two lightest neutralinos are Higgsino-dominated corresponding to the mass eigenstates close to µ and −µ. The lighter of them is the one which mixes more strongly with the singlino, and generally the mixing is stronger between states with the diagonal terms of the same sign (unless the corresponding off-diagonal term is exceptionally small).
Using eqs. (12) and (13) and the fact that the gauginos are decoupled, we can express the ratio of the Higgsino to the singlino components of the LSP as the following function of the LSP mass and the ratio (λv)/µ:
In our discussion we will consider only positive values of λ. The results for negative λ are exactly the same due to the invariance under the transformation λ → −λ, κ → −κ, ξ S → −ξ S , ξ F → −ξ F , S → −S with other fields and couplings unchanged.
3 Spin-independent scattering cross-section
The spin-independent cross-section for the LSP interacting with the nucleus with the atomic number Z and the mass number A is given by
where µ 2 red is the reduced mass of the nucleus and the LSP. Usually, the experimental limits concern the cross section σ SI defined as the arithmetic mean of σ SI . Thus, in the rest of the paper we will follow this convention. When the squarks are heavy the effective couplings f (N ) (N = p, n) are dominated by the t-channel exchange of the CP-even scalars [27] :
The couplings of the i-th scalar to the LSP and to the nucleon are given, respectively, by
and
In the last equation we introduced the combinations F
. There is still some inconsistency in the literature regarding the values of these form factors. In our numerical calculations we will take them to be:
gives the following values of F 's: [30] . The couplings of the scalar particles in eqs. (17) and (18) are expressed in terms of the diagonalization matrices for the scalars and neutralinos (S and N , respectively) written in the usual weak bases. However, for our purposes it will be more convenient to use the scalar diagonalization matrixS defined in (10) for the rotated basis (ĥ,Ĥ,ŝ). Moreover, we are interested in the situation when the LSP is Higgsino-singlino like with negligible contributions from gauginos i.e. N 11 ≈ 0 ≈ N 12 . Then, the expressions (17) and (18) are approximated by:
The formulae for the spin-independent cross-section in a general case are rather complicated so in order to make some expressions more compact it is useful to define the following parameters:
This is the product of the coupling to a nucleon, the propagator and the value of the leading component for the scalar h i divided by the same product for h. Of course, A h = 1 and A H (A s ) vanishes in the limit m H → ∞ (m s → ∞). We define also some combinations of the above parameters:
which encode the information on the scalar sector (mixing, masses and couplings to the nucleons). Using the above definitions we rewrite (16) in the form
hĥ BĥN 15 (N 13 sin β + N 14 cos β)
Blind spot conditions
The blind spots are defined as those points in the parameter space for which the LSP-nucleon cross-section vanishes. From eq. (23) we obtain the following general blind spot condition
This condition simplifies very much for the case of a pure Higgsino (N 15 = 0) or a pure singlino (N 13 = N 14 = 0) LSP. For such pure states the blind spot condition reads
For a mixed Higgsino-singlino LSP it is convenient to introduce the parameter
which is totally described by the neutralino sector and the dimensionless couplings of the singlet superfield in the superpotential i.e. λ and κ. 4 This parameter vanishes for neutralinos which are pure (Higgsino or singlino) states. Its absolute value grows with the increasing admixture of the sub-dominant components and has a maximum (or even a pole) for a specific highly mixed composition. The position and height of such maximum depend on the parameters of the model. Whether there is a pole or a maximum depends on the relative signs of some parameters. The details are given in the Appendix.
The parameter η can be used to rewrite eq. (24) as
After using eqs. (12) and (13), the above general blind spot condition may be cast in the form
4 Note that in Z 3 -NMSSM κ controls also the neutralino mass parameter.
For a highly Higgsino-dominated LSP, for which N 15 and η have very small values, it is better to rewrite eq. (24) as:
After applying eqs. (12) and (13), this blind spot condition for a highly Higgsino-dominated LSP takes the form
(30) In many cases considered in this paper the contribution from BĤ may be neglected. Then the blind spot conditions simplifies to
In the rest of the paper we will analyze in some detail the above blind spot conditions for several cases and approximations.
Blind spots without interference effects
Let us start with a case in which f 5 Generically the contributions from s and H exchange are very small when these scalars are very heavy. Then, the quantities A H and A s defined in (21) are negligible and eq. (22) reduces to Bĥ i =S hĥ i /S hĥ . The situation is qualitatively different depending on whether the Higgs scalar mixes with other scalars or not so we discuss these cases separately in the following subsections.
Without scalar mixing
Without mixing with (heavy)Ĥ andŝ, the lightest scalar h has the same couplings as the SM Higgs. In our notation this corresponds to Bĥ = 1, BĤ = Bŝ = 0. The condition (25) is fulfilled so the SI scattering cross-section vanishes when the LSP is a pure singlino or pure Higgsino state. For a general Higgsino-singlino LSP the amplitude (23) results in the following approximate formula for this cross-section:
where k depends on the value of tan β and typically is of order O(1). This implies that a highly mixed Higgsino-singlino LSP is strongly constrained by the LUX results unless λ is very small. For λ which is not small, these constraints may be avoided if there is some (partial) cancellation between the two terms in the bracket multiplying Bĥ in eq. (23) (which results in an unusually small value of k in (32)). Such cancellation is equivalent to vanishing of the parameter η (defined in (26) ) and leads, according to eq. (31), to a blind spot. Therefore, highly mixed Higgsino-singlino neutralino dark matter with not very small λ may be viable only in very special parts of the parameter space, close to such blind spots. The blind spot condition (28) for the present values of the Bĥ i parameters, Bĥ = 1, BĤ = Bŝ = 0, simplifies to:
This result is analogous to the one obtained in [8] for the Higgsino-gaugino LSP in MSSM, but with opposite sign between the two terms in the l.h.s. This difference stems from the fact that both off-diagonal terms, mixing the singlino with two Higgsinos, have the same sign while the two analogous terms, mixing any of the gauginos with the Higgsinos, have opposite signs. Notice that if tan β is not small, the blind spot condition implies a singlino-dominated LSP (|m χ | |µ|) for which f
is suppressed anyway. Thus, for a Higgsino-singlino LSP and large tan β this kind of a blind spot does not help much in suppression of SI scattering cross-section. On the other hand, for small tan β and highly mixed singlino-Higgsino LSP the blind spot condition may be satisfied provided that µ ∂ 2 S f is positive 6 . This is illustrated in Fig. 1 where the SI scattering cross-section is plotted as a function of the diagonal singlino mass term ∂ 2 S f (equal to 2κv s in the scale-invariant NMSSM) for λ = 0.6, for two values of tan β and for both signs of µ. It can be seen that for small values of tan β (=2 in our example) the cross-section is substantially above the LUX limit 7 for µ ∂ 2 S f < 0. As expected, the largest cross-section is for ∂ 2 S f ≈ −µ corresponding to the maximal singlino-Higgsino mixing. Even in the region with ∂ 2 S f several times larger than |µ|, i.e. for a Higgsino-dominated LSP, a small singlino component is enough to push the cross-section above the LUX limit. The cross-section is below the LUX upper bound only for the LSP with a very tiny Higgsino admixture i.e. for very large values of ∂ 2 S f . The situation is drastically different for µ ∂ 2 S f > 0. The cross-section is substantially smaller in this case and the LUX limit is satisfied for a wide range of values of ∂ 2 S f . One can see that most of this region is within the reach of the XENON1T experiment. However, in the vicinity of the blind spot defined by the condition (33) (corresponding to m χ = 0.8µ for tan β = 2) none of the future SI direct detection experiments will be able to exclude (or discover) such a singlino-Higgsino LSP. On the other hand, this region may be probed with 6 As we explained in section 2, the sign of m χ is the same as that of the diagonal singlino entry, ∂ 2 S f , in the neutralino mass matrix. In the scale-invariant NMSSM and in our convention with λ > 0, the sign of the product µ ∂ 2 S f is the same as the sign of κ. 7 We assume in this work that the relic density of DM is equal to the value consistent with the results obtained by the Planck satellite [7] . If it would not be the case i.e. if the relic density would be smaller in a specific scenario, the experimental bounds should be appropriately rescaled (and hence relaxed). [4] and LZ [5] experiments. The colored areas at the bottom depict the neutrino background (NB) regions [6] . Upper panels: The solid lines show the LSP spin-dependent cross-section on neutrons (lower) and protons (upper) for positive (purple) and negative (cyan) values of parameter µ. The dashed and dotted lines denote the corresponding upper limits from, respectively, XENON100 [31] and IceCube [32] (see details in text). For all used experimental bounds we assume that the relic density of the LSP is equal to the observed value [7] (otherwise these bounds should be re-scaled by the ratio Ω observed /Ω LSP ).
DM detection experiments sensitive to SD interactions. The most stringent model independent upper bound on SD cross-section is provided by XENON100 for neutrons [31] . The limits on the SD DM-proton cross-section, provided by the indirect detection experiment IceCube [32] , depend strongly on assumed dominant annihilation channels of dark matter particles. Generically in NMSSM with small tan β and decoupled scalars the singlino-dominated LSP annihilates mainly into tt (if the LSP mass is above the top quark mass) while the Higgsino-dominated LSP annihilates mainly into W W and ZZ (if kinematically allowed). The IceCube limits for DM annihilating dominantly to W W , ZZ or tt are stronger than the XENON100 limits (on SD DM-neutron cross-section) for dark matter masses above about 100 GeV [32] . In the upper panels of Fig (76) (which, as we checked, give results in very good agreement with those obtained with the help of MicrOMEGAs). Note that for tan β = 2, λ = 0.6 and |µ| = 700 GeV in the vicinity of the SI cross-section blind spot the SD cross-section is not much below the current IceCube limit. Since the SD cross-section is larger for larger Higgsino-singlino mixing, which is proportional to (λv/µ), the SI blind spot is harder to probe by testing the SD cross-section if λ is smaller and/or |µ| is bigger (see eq. (76)). Moreover, for larger tan β the SI blind spot occurs for smaller values of |m χ /µ|, for which the SD cross-section is smaller (because the LSP is more singlino-dominated). Thus, for larger tan β smaller values of |µ| are consistent with the IceCube limits, as can be seen from the upper right panel of Fig. 1 . We should note also that if LSPs annihilate mainly to bb, which may happen e.g. when there is a light sbottom in the spectrum, the IceCube limits are always weaker than the XENON100 ones. In such a case the SI blind spots are much harder to probe via SD detection experiments, though not impossible.
We should also comment on the fact that for tan β = 1 and m χ µ > 0 the blind spot condition (33) is always satisfied as long as |µ| < ∂ 2 S f because in such a case the LSP has a vanishing singlino component so m χ = µ. Value of tan β = 1 is relevant in the context of λSUSY [33] and will be particularly hard to probe because in such situation also SD scattering cross-section vanishes, see eqs. (74)
-(75).
The properties of the LSP change with the increasing value of tan β. The difference between values of σ SI for two signs of µ decreases. As a result, already for tan β = 5, a substantial part of the parameter space with positive µ and ∂ 2 S f > |µ| is excluded by the LUX data. At the same time, the SI cross-section for negative µ decreases and goes below the LUX upper bound for the LSP with the Higgsino admixture bigger (i.e. for smaller values of ∂ 2 S f ) than in the case of smaller tan β. What does not change is that there is a blind spot only for positive µ. The position of the blind spot moves towards smaller ∂ 2 S f corresponding to a more singlinodominated LSP.
As mentioned before, in our analysis we use the tree-level approximation for the SI crosssections. Inclusion of loop corrections does not affect our main conclusion that for m χ µ > 0 a blind spot for the SI cross-section exists. The loop effects may only change slightly the position of a given blind spot. The computation of even dominant loop corrections to the SI cross-section is quite involved. The results are known only for neutralinos which are pure interaction eigenstates [34] . For a pure Higgsino LSP the radiatively corrected SI cross-section is of order O(10 −49 ) cm 2 so below the irreducible neutrino background. One should, however, note that such a small SI cross-section is a consequence of quite strong cancellations between contributions from several different (gluon and quark, including twist-2) operators, some of which contribute as much as O(10 −47 ) cm 2 . Computation of the loop corrected SI cross-section for (highly) mixed Higgsino-singlino LSP is beyond the scope of this work. We conservatively estimate that in such a case the loop correction to the tree-level cross-section does not exceed a few times 10 −48 cm 2 i.e. the biggest twist-2 operator contribution for a pure Higgsino with appropriately reduced couplings to the EW gauge bosons. Loop corrections of this size would result in a small shift of the position of a blind spot: by less than one per cent in terms of ∂ 2 S f . We checked (using MicrOMEGAs/NMSSMTools) that similar size of a shift of a blind spot position occurs when the gauginos are not completely decoupled but have masses of order 2 TeV. One should stress that the approximations used in our analysis result only in some small uncertainties of the exact positions of the blind spots but do not influence their existence.
With scalar mixing, m s m h
Next we consider the situation when the contributions to σ SI from the exchange of H and s may still be neglected (A H = A s = 0) but the mixing of h with other scalars may play some role because now Bĥ = 1, BĤ =S hĤ /S hĥ , Bŝ =S hŝ /S hĥ . The effective LSP-nucleon coupling is obtained by putting these expressions for the Bĥ i parameters into eq. (23) . The fact that BĤ and Bŝ do not vanish implies that in the present case a blind spot may exist for η = 0. However, as we shall see the blind condition still requires η to be very small. In the rest of this subsection we discuss the blind spot conditions in some interesting limits.
Purity limits
Before analyzing the general mixed LSP let us discuss limiting cases of a pure Higgsino and a pure singlino for which the effective coupling to a nucleon (23) simplifies to:
where C is equal to λN 13 N 14 (−κN 2 15 ) for the pure Higgsino (singlino). Note that, in contrast to MSSM where the effective tree-level coupling of the pure Higgsino to a nucleon vanishes [8] , the effective coupling in NMSSM does not vanish as long as the singlet scalar mixes with the Higgs doublet i.e. whenS hŝ = 0. Similarly, such non-zero singlet-Higgs mixing implies a non-vanishing SI scattering cross-section also for a pure singlino. Notice that the magnitude of the effective coupling of the LSP to nucleons, hence also the SI scattering cross-section, is controlled by κ for the singlino and by λ for the Higgsino.
In order to get a feeling about typical (i.e. without significant cancellations in the amplitude) magnitudes of the SI scattering cross-section it is enlightening to show simplified formulae assuming that theĤ component of the SM-like Higgs mass eigenstate is negligible 8 :
for a Higgsino LSP,
for a singlino LSP. It is clear from the above formulae that, unless the couplings and/or the singlet-Higgs mixing are very small, pure Higgsino and singlino neutralino dark matter is generically either excluded by LUX or is within the reach of the forthcoming direct detection experiments such as XENON1T (so it can be soon found or excluded). In particular, for widely considered small tan β and λ ∼ 0.6 the SI scattering cross-section for the Higgsino LSP is typically of order 10 −44 cm 2 , which is above the LUX limit for a wide range of its masses.
General Higgsino-singlino LSP
For the LSP which is a general Higgsino-singlino mixture there are several non-zero contributions to f (N ) h including the one proportional to Bĥ (see eq. (23)) which on its own leads to SI scattering cross-section of order 10 −45 cm 2 for λ ≈ 0.1, as discussed in subsection 4.1. Thus, if those contributions add constructively in the amplitude the resulting cross-section is even bigger. On the other hand, if those contributions add destructively a new kind of a blind spot may appear.
In the present case the blind spot condition (24) can be rewritten in the form (28) as:
with η given by eq. (68). Notice that the term in the bracket cancels with the same term present in the numerator of (68). The r.h.s. of the above expression quantifies the correction to eq. (33), coming from the mixing among scalars. It is tempting to check whether adding this correction can change the conclusion of subsection 4.1. The first term, proportional toS hĤ , is typically very small sinceS hĤ is strongly constrained by the LHC measurements of the hbb coupling. This corresponds to BĤ ≈ 0. Thus, it cannot change qualitatively the conclusions of the case without scalar mixing. The situation differs greatly in the case of the second term on the r.h.s. of eq. (37) which may give important corrections to the simple blind spot condition (33) . For the discussion of the corrections to the blind spot condition it is useful to expressS hŝ in terms of the NMSSM parameters (for m s m h assumed in this section):
In the last approximate equality we introduced ∆ mix , defined as
which parameterizes the correction to the Higgs scalar mass due to its mixing with the remaining scalars, mainly with the singletŝ. For m s > m h this correction is always negative so its magnitude is desired to be small. Notice that smallness of |∆ mix | usually requires some cancellation between the two terms in the bracket (especially for large λ) in the middle part of formula (38) which implies µΛ > 0. Notice also that the requirement of small |∆ mix |, say smaller than O(1) GeV, implies (S hŝ /S hĥ ) 0.1(m h /m s ). Therefore, in order to have a strong modification of the blind spot condition, at least one of the other factors in the second term of the r.h.s. of eq. (37) must be much larger than one. This sets the condition for the NMSSM parameter space which depends on the composition of the LSP. Because in the rest of this subsection we will neglect the term proportional toS hĤ in (37) our blind spot conditions will be of the form (31):
One can see that for smallĥ −ŝ mixing we demand also small |η|. The dependence of η on the LSP composition and mass is explicit in eq. (68). Parameter η may be small either because the numerator in (68) is small or because the denominator is large. The first possibility corresponds to the standard blind spot (33) . The second possibility requires (at least) one of the terms in the denominator to be large. In the case of a highly mixed LSP (1 − N 2 15 )/N 15 = O(1) and the denominator may be large only when |κ| |λ|. This, however, is limited by the perturbativity conditions. Moreover, both sides of eq. (40) must have the same sign which, using (38) and (68), gives the condition
It follows that for m χ µ < 0 a blind spot is possible only when the combination of the parameters κ Λ µ sin 2β − 2 is also negative. In addition, |η| is smaller (i.e. better for a blind spot with small |∆ mix |) when both terms in the denominator of eq. (68) are of the same sign which is the case when
In the present case with a small value ofS hŝ it is easier to have a blind spot when the LSP is strongly dominated by the singlino (or Higgsino) component because then either N (68) is large. Let us now discuss these two situations.
Singlino-dominated LSP
It has been already noted that for pure singlino η is exactly zero. However, a pure singlino can be obtained only for infinite value of |µ|. Very large |µ| is undesirable for multiple reasons, including naturalness arguments. For natural values of |µ| even if the LSP is singlino-dominated some Higgsino component is always present which may have non-negligible contribution to η, hence also to a blind spot condition. Notice also that for a given value of µ a minimal value of the Higgsino component of the LSP grows with λ since the latter controls the magnitude of the singlino-Higgsino mixing. In what follows we study the impact of a non-zero Higgsino component for the existence of a blind spot.
The blind spot condition (31) with η given by eq. (69) takes the following form
For a strongly singlino-dominated LSP its mass |m χ | is much smaller than |µ| so the first term in the l.h.s. of the above equation is rather small and the blind spot condition without the scalar mixing effects (i.e. with the r.h.s. neglected) can be fulfilled only for appropriately large tan β and for positive m χ µ. Now we will check whether the scalar mixing effects may lead to blind spots with smaller values of tan β and/or negative m χ µ. Such changes are possible only when the r.h.s of (43) is negative because decreasing of tan β and changing the sign of m χ µ both give negative corrections to the l.h.s of the above blind spot condition. This gives the condition ( Λ µ sin 2β − 2)κ < 0. In addition, the absolute value of the r.h.s of (43) should not be very small in order to give a substantial modification of the blind spot condition. The biggest such value is necessary when one wants simultaneously to decrease tan β and have negative m χ µ. Let us now discuss such an extreme modification of blind spots.
In the region of large λ ∼ 0.6 and small tan β ∼ 2, the l.h.s. of (43) is O(1) while the r.h.s. is generically very small. The reason is that, in addition to the suppression by small |∆ mix |, the r.h.s. is suppressed also by the factor κ/λ because for λ ∼ 0.6 the perturbativity up to the GUT scale requires κ 0.4 [10] . The only way to enhance the r.h.s. would be by the factor 1/ 1 − N 2 15 . However, the r.h.s. could be of order O(1) only for extremely pure singlino corresponding to |µ| λv. For large λ this translates to extremely large, hence very unnatural, values of |µ|. For example, for |κ| = 0.1, |∆ mix | = 1 GeV and m s = 500 GeV, |µ| would have to be O(20) TeV. Thus, we conclude that for large λ and small tan β it is not possible to have a blind spot for a singlino-dominated LSP with m χ µ < 0, unless the Higgsino is extremely heavy. For m χ µ > 0 such a blind spot can occur only if the standard blind spot condition (33) is approximately satisfied. This can be seen in Fig. 2 (in all plots presented in this paper the LEP and LHC Higgs constraints (at 2σ level) are satisfied unless otherwise stated).
The situation changes if λ is small. In such a case the r.h.s. of (43) can be enhanced both by κ/λ and by 1/ 1 − N 2 15 for not so huge values of |µ|. Then a blind spot may appear for m χ µ < 0 and/or small tan β provided that at least one of these factors is large enough (of course only when ( Λ µ sin 2β − 2)κ < 0). It can be seen from the left panel of Fig. 2 that for |µ| = 500 GeV a blind spot with m χ µ < 0 may appear for λ 0.2 without violating perturbativity constraints. For larger values of |µ| larger values of λ may allow for a blind spot due to decreasing of the Higgsino component with increasing |µ|.
We note that it is easier to relax the IceCube constraints on the SD cross-section when |κ| is not small. This is because for big values of |κ| the LSP annihilates dominantly (via the s-channel exchange of a singlet-like pseudoscalar) into a singlet-like scalar and pseudoscalar (if the latter is light enough and LSP has non-negligible singlino component). We have verified with MicrOMEGAs that for |κ| ∼ O(0.1) this is indeed the dominant annihilation channel for a singlino-dominated LSP. The IceCube collaboration [32] does not provide limits on the SD cross-section with such an annihilation pattern. It is beyond the scope of the present paper to use the IceCube data to accurately calculate limits for such a case. However, we expect that such limits would be weaker than for DM annihilating into pairs of the SM Higgs bosons because a light singlet-like pseudoscalar decays much more often into the bottom quarks and does not decay into the gauge bosons. Hence, we expect such limit to be comparable to or only (33) . Brown points on the green line for |µ| ≈ 120−250 GeV are excluded by the XENON100 constraints on the SD scattering cross-section [31] (see also fig. 6 ). All points are consistent with the LHC Higgs data at 2σ. slightly better than the one obtained by XENON100.
Higgsino-dominated LSP
As we discussed in subsection 4.2.1, for a pure Higgsino the SI cross-section is proportional to theĥ−ŝ mixing which for m s > m h is preferred to be small to avoid large negative ∆ mix . This implies that for small values of |∆ mix | the LUX constraints on a strongly Higgsino-dominated LSP are generically satisfied. However, this is not the case for future direct detection experiments so the discussion of blind spots is interesting also in this case.
There are no blind spots for a strongly Higgsino-dominated LSP if the contributions from the mixing with H and s scalars are negligible. The reason is that for m χ ≈ µ the condition (33) could be fulfilled only for tan β very close to 1. Let us check whether this conclusion changes after taking into account the effects of mixing in the scalar sector.
For a Higgsino-dominated neutralino the second term in the denominator in (68) may be neglected (unless κ λ). Then, substituting (38) and η given by eq. (70) into (31), we get the following blind spot condition .
For a strongly Higgsino-dominated LSP the ratio (m χ /µ) 2 is very close to 1 so the numerator of the last factor in the r.h.s of the above equation is to a very good precision proportional to the combination m χ /µ − sin 2β. So, there are two ways to fulfill the last equation: either both sides vanish or the factor multiplying m χ /µ − sin 2β on the r.h.s is close to 1. Thus, in the case of a Higgsino-dominated LSP there are two kinds of blind spots. First, like in the case without scalar mixing, is given by condition (33) and requires values of tan β very close to 1 and m χ of the same sign as µ. The second kind of blind spots is given by the condition
which may be fulfilled only when (Λ/µ) > (2/ sin 2β).
Notice that for a Higgsino-dominated LSP, i.e. small |N 15 |, it follows from the last equation that |∆ mix | is preferred to be small for a blind spot to occur. Thus, the tuning of parameters required to keep |∆ mix | small automatically gives some suppression of the SI scattering crosssection, provided that (Λ/µ) > (2/ sin 2β). However, the strength of this suppression depends on some other parameters. For example, for a fixed value of the singlino component in the LSP, N 15 , it depends on the sign of µ. This follows from the last factor in the r.h.s. of eq. (45) and is illustrated in Fig. 3 for λ = 0.6 and two values of tan β. The value of |∆ mix | is bigger when µ (and in this case also Λ) is negative. As usually, the dependence on the sign of µ is more pronounced for smaller values of tan β. For tan β = 2 the value of |∆ mix | for negative µ is about an order of magnitude bigger than for positive µ. So, for a given LSP composition, a blind spot with positive m χ µ is preferred because it has a bigger Higgs mass. Indeed, it can be seen in Let us also point out that for large λ ∼ 0.7, the perturbativity up to the GUT scale requires κ 0.3 which in the scale-invariant NMSSM implies that the diagonal singlino mass term is smaller than |µ|, hence the LSP would be dominated by the singlino. Therefore, the above situation can be realized only in general NMSSM in which the LSP can be Higgsino-dominated provided that µ parameter (defined below eq. (2)) is large enough.
Blind spots with interference effects between h and H exchange
Let us now consider the case in which f
is not necessarily small but interferes destructively with the contribution f (N ) H mediated by the heavy Higgs doublet. This kind of blind spots in the context of MSSM was identified in [9] and can be realized if H is not too heavy and tan β is large. In such a case the coupling of H to down quarks, hence also to nucleons, may be enhanced by large tan β which could compensate the suppression of f H resulting in a non-negligible A H defined in eq. (21) . In this section we neglect the contribution from the s exchange and set A s to zero.
Without mixing with singlet
In the case of negligible mixing of the scalar doublets with the scalar singlet the Bĥ i parameters are given by
The mixing between the doublets is small and may be approximated as
The last equality was obtained under two assumptions: we assumed that there is no mixing of the singlet scalar with the doublets 9 and that tan β 1. The former assumption is specific for the present subsection. The latter one is necessary because only then f When Bŝ = 0, the blind spot condition (28) can be written as
In the case of large tan β and negligibleĥ-Ĥ mixing, the expression (21) for h i = H simplifies to
(49) Then the blind spot condition (48) takes the form
This is a similar result to the one obtained in MSSM [9] , but for the singlino-Higgsino LSP, rather than the gaugino-Higgsino one. Note, that sgn(m χ µ) = 1 is required in contrast to MSSM. It follows from (50) that a non-negligible contribution from A H ≈ (m h /m H ) 2 tan β leads to a bigger Higgsino component of the LSP necessary to obtain a blind spot. However, the LHC experiments have set lower mass limits on the MSSM-like Higgs bosons, which are stronger for larger tan β. At large tan β, the most stringent constraints on m H come from the ATLAS [35] and CMS [36] searches in the H/A → τ τ channel. The results of those searches were interpreted in the context of MSSM as constraints on the m A -tan β plane. These limits can be applied to NMSSM in generic cases and it is typically a good approximation to identify lower limits on m H for a given tan β with the corresponding ones on m A . After taking into account these limits one finds generically A H O(0.5). In the left panel of Fig. 4 the black line corresponds to a blind spot (50) for tan β = 15 and m H = 500 GeV (resulting in A H ≈ 0.5) which demonstrates that the Higgsino component of the LSP at a blind spot with large tan β can be increased when effects of the H exchange are not negligible. We should also comment on the fact that NMSSM provides a framework for relaxing the experimental constraints on m H , hence also on A H . Namely, the mass of the MSSM-like pseudoscalar can be very different from m H if one admits mixing of the MSSM-like pseudoscalar with the singlet-dominated pseudoscalar (such mixing can be present even if mixing in the CPeven Higgs sector is strongly suppressed). In such a case, the lower mass limit becomes weaker if the mixing effects push up the MSSM-like pseudoscalar mass substantially above m H . While recasting the LHC constraints on such a scenario is beyond the scope of this work, it seems viable that this effect may allow for H light enough to have A H ∼ O(1). If this is the case, a blind spot at large tan β would exist also for a highly mixed Higgsino-singlino LSP. This would be in contrast to the case with only h exchange for which at large tan β a blind spot cannot exist with |m χ | ≈ |µ|, see eq. (33) and the green line in the left panel of Fig. 4 .
Mixing with singlet, m s m h
If the mixing with the singlet scalar is taken into account the parameter Bŝ is no longer vanishing. Neglecting the much smaller mixing between the two doublets we get
where we disregarded the difference between F (53) neglected. Then, the blind spot condition can be simplified using:
which is valid as long as λvΛ is small in comparison with m . In such a case the blind spot condition is well approximated by:
As already noted in the previous subsection, for m χ µ > 0 it is easier to have a blind spot for a highly mixed Higgsino-singlino LSP. Indeed, it can be seen in Fig. 4 that at large tan β with light enough H a blind spot is possible for any composition of the LSP. For m χ µ < 0 the situation is different. If the mixing in the scalar sector is small, only the first term in the square bracket in (56) is relevant which makes it harder to obtain a blind spot. So in order to have a blind spot with m χ µ < 0 the second term in this bracket must be larger in magnitude. However, this term may be sizable only for small |η|, i.e. for the LSP which is either dominated by singlino or Higgsino. Therefore, there are no blind spots for a highly mixed Higgsino-singlino LSP with m χ µ < 0. Nevertheless, for large enoughĤ-ŝ mixing somewhat bigger Higgsino or singlino component may be possible for large tan β if H is light enough, as can be seen from Fig. 4 . Notice, however, that for large tan β and relatively light H the value of λ exhibits a stronger upper bound. This follows from our requirement that negative ∆ mix should have rather small absolute value. Indeed, |∆ mix | is small if Λ ≈ µ tan β (in order to suppress M unless λ is small. Nevertheless, the upper bound on λ should not be considered problematic since there is no strong motivation for big λ when tan β is large, which is necessary for this kind of a blind spot.
Blind spots with interference effects between h and s exchange
Now we turn our attention to a case in which the contributions to the scattering amplitude from the Higgs scalar and the singlet-dominated scalar are comparable. This does not have its analog in MSSM so is particularly interesting. In the presence of non-negligible mixing between the singlet and the Higgs doublet f
is generically large if m s < m h . Light singletdominated scalar with sizable mixing with the Higgs scalar is particularly well motivated since it can enhance the Higgs scalar mass even by 6 GeV as compared to the MSSM, allowing for relatively light stops in NMSSM, even for large tan β [23] .
It was already noticed some time ago [14] that the contribution from the singlet-dominated scalar to the scattering amplitude can be significantly larger than the Higgs contribution. Nowadays, such a possibility is excluded by the current constraints from the direct detection experiments and it is more interesting to study the case in which f We neglect the mixing with the heavy scalar H with one exception -we will keep the terms proportional to (tan β − cot β)S h iĤ in (20) for h i = s, h.
11 This approximation leads to the following relationsS
In the last equation we introduced parameter γ which may be related to ∆ mix by the following equation
For fixed m s and small γ one gets the proportionality ∆ mix ∝ γ 2 . From (57) we get the following values of the Bĥ i parameters:
Our A s parameter can be expressed as
where we introduced another convenient parameters
Without mixing withĤ the above quantities would be equal 1. In the limit of large tan β the c s (c h ) parameter measures the ratio of the couplings, normalized to SM values, of the s (h) scalar to the b quarks and to the Z bosons. It is easier to make a light scalar s compatible with the LEP bounds when c s is small [23] , especially for m s 85 GeV. We should note, however, that c s < 1 implies c h > 1 which in turn leads to suppressed branching ratios of h decaying to gauge bosons, so c h is constrained by the LHC Higgs data. Note that in contrary to A H parameter (see (52)), A s can have both signs depending mainly on the sign of γ. LEP and LHC constraints on γ, ranging from approximately 0.3 to 0.5 (corresponding to m s from m h /2 to about 100 GeV), imply that |A s | 1 (the bound is saturated for m s around the LEP excess).
Because we assumed BĤ ≈ 0, the blind spot condition under consideration is of the form (31) and reads:
It is qualitatively different from the corresponding conditions in (40) . The main reason is that the l.h.s. of the above equation is not generically suppressed (in contrast to the cases considered in section 4.2). LEP and LHC constraints set upper bounds on |Bŝ/Bĥ|, nevertheless it can be as large as about 0.4 (0.3) for c s ≈ 1 (c s ≈ 0) 12 and therefore could be at least one order of magnitude larger than in the case with only h exchange taken into account (see (40) ).
The above blind spot condition may be rewritten in the form analogous to eq. (37):
There is one crucial modification as compared to (37):
Since |Bŝ/Bĥ| does not have to be suppressed it is possible to have a blind spot for sizable values of |η| independently of the sign of m χ µ. This implies that a blind spot may occur for larger Higgsino-singlino mixing, even for λ larger than |κ|. In particular, it is now possible to have a blind spot for a singlino-dominated LSP for large λ and small tan β with sub-TeV |µ| for both signs of m χ µ without violating perturbativity up to the GUT scale. This is demonstrated in The LSP spin-independent cross-section (solid lines) for tan β = 2 as a function of κ which sign is chosen two provide the same signs for both sides of (64). The horizontal lines show the experimental limits as in Fig. 1 . The colored regions depict the corresponding neutrino background levels. Plots for µ < 0 are very similar. The SD cross-section in the vicinity of blind spots is below the sensitivity of IceCube (independently of the assumed dominant annihilation channel). As can be seen for λ = 0.6 and tan β = 2 the blind spots occur for |κ| 0.4 (which is necessary to avoid Landau poles below the GUT scale for this value of λ). This is in contrast to the case when σ SI is dominated by only h exchange, where for a singlino-dominated LSP a blind spots with large λ and small tan β were present only for m χ µ > 0. In Fig. 6 an analogous plots to those presented for the heavy singlet case in Fig. 2 are shown. It can be seen that, if the singlet-dominated scalar is light, blind spots can exist for large λ and tan β = 2 without violating the perturbativity bounds for m χ µ > 0 for (almost) any composition of the LSP. The case of m χ µ < 0 is also less constrained. Nevertheless, if the LSP is not Higgsino-dominated, blind spots can exist for large λ and m χ µ < 0 only for small range of N 15 (if κ is kept in the perturbative regime). For low tan β the most interesting region is for large λ so in the right panel of Fig. 6 we plot the regions where a blind spot can occur for fixed λ = 0.6 as a function of |µ|. It can be seen that for m χ µ < 0 a blind spot can occur for a singlino-dominated LSP if |µ| 800 GeV, and the range of possible values of N 15 grows with increasing |µ|. For m χ µ > 0 almost any LSP composition allows for existence of a blind spot except for some region of a strongly-mixed Higgsino-singlino LSP with |µ| 800 GeV (in that region a blind spot cannot occur because |η| is too large to satisfy the blind spot eq. (31) when the precision Higgs data, constraining the Higgs-singlet mixing, are taken into account).
The fact that the blind spots can now occur for large λ and small tan β for much wider range of the LSP composition is not only due to the fact that the singlet-dominated scalar is light but also because of large Higgs-singlet mixing, hence also large ∆ mix . This is demonstrated by dashed contours in Fig. 6 which correspond to minimal value of ∆ mix 14 for which the SI ) with the SI cross-section that can be below the neutrino background for m χ µ > 0 (red) and m χ µ < 0 (blue), while keeping |κ| ≤ 0.3 and |∆ mix | small enough to avoid the LEP and LHC constraints and |µ| = 500 GeV. The solid contours correspond to maximal value of ∆ mix for which the SI scattering cross-section can be below the neutrino background -above these contours smaller ∆ mix is required for a blind spot to exist. The dashed contours correspond to minimal value of ∆ mix for which the SI scattering cross-section can be below the neutrino background -to the right of these contours larger ∆ mix is required for a blind spot to exist. Right: The same as in the left panel but as a function of |µ| for λ = 0.6. Black (brown) region is excluded by the XENON100 constraints on the SD scattering cross-section [31] for m χ µ < 0 (m χ µ > 0). All points are consistent with the LHC and LEP Higgs data at 2σ. scattering cross-section may be below the neutrino background. It follows from the comparison of these contours with the plot in Fig. 2 (for heavy singlet) that ∆ mix above few GeV is required to significantly extend the range of the LSP composition for which a blind spot can occur when λ is large.
It is also interesting to check what happens if one demands large ∆ mix so that the Higgs scalar mass gets substantial enhancement from the Higgs-singlet mixing effects. In Fig. 6 we also present solid contours that correspond to maximal value of ∆ mix for which the SI scattering cross-section may be below the neutrino background. It can be seen that if one demands ∆ mix as small as 1 GeV then for large λ there are no blind spots for the LSP strongly dominated by the Higgsino component. This can be understood in the following way. For large ∆ mix and light singlet |Bŝ/Bĥ| is no longer close to zero so in order for the blind spot to occur |η| should not be close to zero. One can see from definition (26) that |η| ∼ |N 15 | for the Higgsino-dominated case so a lower bound on ∆ mix sets a lower bound on the singlino component of the LSP. Noting that |Bŝ/Bĥ| is in a good approximation proportional to |∆ mix |, we conclude that a lower bound on N Since in this case a SI cross-section blind spot can occur also for a highly-mixed Higgsinosinglino LSP one may expect to probe this region with SD direct detection experiments. Indeed, XENON100 limits exclude some part of the parameter space with SI cross-section blind spots for large λ and small |µ| (black and brown points in Fig. 6 ). In this region of the parameter space the LSP annihilates dominantly to a light singlet-like scalar and a pseudoscalar, that typically decay to pairs of bottom quarks so the IceCube limits are not expected to be stronger than the XENON100 ones.
We should emphasize that the effect of large Higgs-singlet mixing has particularly important implications for models with µ = 0 (i.e. with vanishing quadratic term in f (S)), including the Z 3 -invariant NMSSM, because in those models the LSP composition is related to the ratio κ/λ. Namely, the LSP is singlino-dominated if λ > 2|κ|. This implies that for large λ, the LSP is typically singlino-dominated and can be highly mixed Higgsino-singlino only if |κ| is close to the upper bound from the requirement of perturbativity up to the GUT scale. In consequence, in this class of NMSSM models with large λ and small tan β a blind spot may occur only for 2κ/λ ≈ m χ /µ ≈ sin(2β) if the Higgs-singlet mixing is small. On the other hand, for large Higgs-singlet mixing a blind spot can occur for much wider range of κ/λ (corresponding to different LSP compositions) for m χ µ > 0, while for m χ µ < 0 existence of a blind spot may be possible provided that |µ| is large enough.
Large tan β region
In models with large tan β, couplings of s and h scalars to b quarks may significantly deviate from the couplings to the massive gauge bosons which has important consequences for the SI scattering cross-section. From our perspective the most interesting situation takes place when ∆ mix , being now positive, is large. As stated above, for m s 85 GeV small |c s | and hence large tan β and small λ are preferred [23] . For definiteness, let us consider tan β = 10, λ = 0.1 and two representative values of m s , 70 and 95 GeV, for which the LEP bounds are, respectively, quite severe and rather mild. In Fig. 7 we present the points (for a few values of c s ) for which σ SI is smaller than the neutrino background for two signs of m χ µ. The most apparent difference between c s > 1 and c s < 1 is that in the first case there are no points with a Higgsino-dominated LSP, whereas in the second one there is a negative correlation between Higgsino admixture and ∆ mix (for N 2 15 0.1). In order to explain this behavior we rewrite the blind spot condition (64) in the form adequate for the Higgsino-dominated limit i.e. for |m χ /µ| → 1. The result reads:
For specific values of c s and m s (chosen in our example) the l.h.s. of the above equation is proportional to γ (with a negative coefficient 15 ) and thus to √ ∆ mix (see (58)) -this explains why there is a correlation between ∆ mix and |N 15 |. To understand why for c s > 1 (c s < 1) there 15 It can be easily seen if we notice that A s = −γ const, where const = ) with σ SI smaller than the neutrino background [6] for m χ µ > 0 (red) and m χ µ < 0 (blue), while keeping |κ| ≤ 0.6. Upper (lower) plots correspond to m s = 70 (95) GeV whereas the left (right) to c s smaller (larger) than 1. are (no) points which fulfill (66) we should notice (see eqs (8) , (9) ) that for tan β 1 we have sgn(1 − c s ) = sgn(Λγ) = sgn(µγ) -the second equality holds because a partial cancellation between the two terms in M 2 hŝ is needed. 16 This is exactly what we wanted to show: for c s < 1 the l.h.s. of (66) has the sign equal to −sgn(µ) thus the equality cannot hold (and inversely for c s > 1). It can be shown (using relations (12) and (13)), that the above conclusions hold also for some part of a highly mixed LSP parameter space when |κ/λ| is smaller than | Let us finally comment on the fact that for large tan β the H exchange might be relevant if H is light enough. The presence of relatively light H usually results in stronger constraints on the parameter space, especially for large values of λ. This is because in this region of the parameter space |M 2 Hŝ | is well approximated by λvµ tan β so it is typically larger than the 16 This happens in our example in Fig. 7 because for |µ| = 500 GeV and λ = 0.1 we have |M diagonal entries of the Higgs mass matrix, unless λ is small. As a result, large values of λ lead to tachyons, or at least the mixing effects that are too large to accommodate the LEP and/or LHC Higgs data.
Summary
We have investigated blind spots for spin-independent scattering cross-section for the Higgsinosinglino LSP in the NMSSM. If mixing between the (SM-like) Higgs scalar and other scalars is negligible, a blind spot can occur only if the ratio m χ /µ is positive and has value close to sin 2β. Then, blind spots exist only for singlino-dominated LSPs (unless tan β is very close to 1) with the amount of the Higgsino component determined by tan β. This changes a lot when mixing with the singlet scalar is taken into account.
If the singlet-dominated scalar is heavier than the Higgs scalar, the Higgs-singlet mixing has to be quite small to avoid large negative correction to the Higgs scalar mass. But even for such small mixing new classes of blind spots appear. Blind spots for Higgsino-dominated LSPs become possible and the ratio m χ /µ may be also negative. The LSP composition is no longer so strongly related to tan β, especially for smaller values of λ. However, in most cases the LSP must be highly dominated either by Higgsino or by singlino. A blind spot for a highly mixed Higgsino-singlino LSP is possible only for small values of λ and tan β and positive m χ /µ. In addition, in the most often explored part of NMSSM parameter space with large (but perturbative) λ and small tan β, a blind spot for a singlino-dominated LSP can occur only if m χ µ > 0 and eq. (33) is approximately satisfied.
If the singlet-dominated scalar is lighter than the Higgs scalar, large Higgs-singlet mixing is welcome because the contribution from such mixing to the Higgs scalar mass is positive. For small tan β, the LEP and LHC constraints allow for sizable mixing leading to the correction to the Higgs scalar mass ∆ mix ∼ 5 GeV for the singlet mass in the range of about 85÷105 GeV. For such big ∆ mix , a blind spot for large λ and tan β ∼ 2 may occur also for highly mixed Higgsino-singlino LSP if m χ µ > 0, which would not be possible otherwise. It should be noted, however, that not always large ∆ mix is beneficial for a blind spot occurrence. For example, for an LSP strongly dominated by the Higgsino a blind spot may occur only if ∆ mix is small.
For light singlet scalar and big ∆ mix the region of moderate and large tan β is also interesting. In such a case the singlet coupling to bottom quarks may be significantly different than the one to gauge bosons. If the sbb coupling is suppressed, relatively large ∆ mix is allowed by LEP also for m s < 85 GeV. We found that for suppressed sbb coupling a blind spot may occur only for a singlino-dominated LSP. On the other hand, if the sbb coupling is enhanced a blind spot can exist for any composition of the LSP and for both signs of m χ µ.
For large tan β one more class of blind spots may exist if the heavier scalar doublet H is light enough to mediate the LSP-nucleon interaction in a substantial way and the singlet-dominated scalar is rather heavy. In such a case, positive m χ µ is again preferred, allowing for blind spots for the LSP composition much less restricted than in the case with very heavy H. If the Higgssinglet mixing is present, m χ µ < 0 is also possible but in this case the influence of a relatively light H on possible blind spots is quite marginal. In addition, smaller values of m H result in stronger upper bounds on the coupling λ.
There are several avenues for future studies where the results obtained in this paper can be used. For instance, it will be crucial to investigate how one can probe neutralino LSP with SI scattering cross-section below the neutrino background. Some possible ways to constrain blind spots may be to use the direct and indirect detection experiments sensitive to the SD cross-sections or dedicated collider searches which in the context of MSSM turn out to be complementary to direct dark matter searches, see e.g. [26, 38, 39] for some recent work on this topic. Some studies of the LHC sensitivity to Higgsino-singlino sector has already been done [40] but more effort in this direction is welcome. It will be also interesting to investigate whether the blind spots identified in this paper can exist in more constrained versions of NMSSM and in which scenarios it is possible to explain the observed abundance of dark matter assuming thermal history of the Universe. We plan to investigate these issues in the future.
Useful formulae
The parameter η defined in (26) may be expressed in terms of other parameters of the NMSSM model. With the help of eqs. (12) and (13) 
Equation ( i.e. we are considering a singlino-dominated LSP and/or |κ| much bigger than λ (for a not strongly Higgsino-dominated LSP), the parameter η is approximately given by:
